Introduction
============

Vacuolar ATPase (V-ATPase)[^3^](#FN2){ref-type="fn"} is a rotary molecular motor that actively transports ions across the cell membrane coupled with ATP hydrolysis ([@B1]). Eukaryotic V-ATPase functions as a proton pump that plays an important role in acidification of intracellular vesicles and is responsible for various cellular processes, such as pH homeostasis, membrane trafficking, endocytosis, and protein degradation ([@B2][@B3][@B4]). A bacterial V-ATPase from *Enterococcus hirae* (EhV-ATPase) functions as an ion pump driven by ATP hydrolysis similar to eukaryotic V-ATPase and actively transports sodium ion instead of proton ([@B5]). On the other hand, some bacterial V-ATPases, such as *Thermus thermophilus* V-ATPase ([@B6]), act as ATP synthase in the cell, similar to A-type ATP synthase, which is found in archaea ([@B7]). Therefore, bacterial V-ATPase is also called V/A-ATPase. In this study, we describe EhV-ATPase as V-ATPase rather than V/A-ATPase to clarify the difference in physiological function.

The V-ATPase is composed of two rotary motors, a membrane-embedded V~o~ transporting ions and a water-soluble V~1~-ATPase (V~1~) hydrolyzing ATP, which are connected by a central stalk and either two (EhV-ATPase and V/A-ATPase) or three (eukaryotic V-ATPase) peripheral stalks ([@B8][@B9][@B13]). The V~o~ is composed of the channel-forming *a* subunit, the ion binding ring of the *c* subunits, and the *d* subunit and the EG subcomplex, which form the central and peripheral stalks, respectively ([@B14], [@B15]). The V~1~ is composed of A, B, D, and F subunits, in which three AB pairs form a hexagonally arranged stator A~3~B~3~ ring, and the DF subcomplex is a rotor inserted into the A~3~B~3~ ring ([@B16][@B17][@B18]). The catalytic sites are located at the interfaces of the A and B subunits, and when the ATP molecules are hydrolyzed sequentially at the three catalytic sites, the DF rotates unidirectionally in the counterclockwise direction viewed from the V~o~ (membrane) side. However, the chemo-mechanical coupling mechanism of V~1~ has not been fully understood ([@B19][@B20][@B21]).

Another well-studied ATP-driven rotary molecular motor is F~1~-ATPase (F~1~), a water-soluble portion of F-type ATP synthase. The chemo-mechanical coupling mechanism of F~1~ has been investigated in detail by single-molecule analysis using F~1~ from thermophilic *Bacillus* PS3 (TF~1~) ([@B22][@B23][@B28]) and F~1~ from human mitochondria (HF~1~) ([@B29]). TF~1~ and HF~1~ rotate counterclockwise with 120° steps per ATP hydrolysis. The 120° steps of TF~1~ and HF~1~ are further divided into 80 and 40° substeps and 65, 25, and 30° substeps, respectively. The first substeps (80° of TF~1~ and 65° of HF~1~) are triggered by ATP binding coupled with concomitant ADP release from another catalytic site. The second substeps (40° of TF~1~ and 25° of HF~1~) are triggered by the release of P~i~. The third 30° substep of HF~1~ is triggered by ATP cleavage, whereas ATP cleavage induces only small rotation in TF~1~ ([@B30]). The single-molecule analysis has also been performed using F~1~ from *Escherichia coli* (EF~1~) ([@B31][@B32][@B33]) and yeast mitochondria (YF~1~) ([@B34]). It has been confirmed that the 120° steps of EF~1~ and YF~1~ are further divided into 85 and 35° substeps and 87 and 33° substeps, respectively. In EF~1~, it has also been shown that ADP is released at 50° after ATP binding during the first substep ([@B35]), but the detail of chemo-mechanical coupling mechanism is not as clear as TF~1~ and HF~1~.

For F~1~, not only information of dynamics obtained by single-molecule analysis, but also high-resolution structures that correspond to elementary steps of the chemo-mechanical coupling cycle, have been obtained using F~1~ from bovine mitochondria (BF~1~) ([@B36][@B37][@B42]), YF~1~ ([@B43][@B44][@B46]), EF~1~ ([@B47], [@B48]), and TF~1~ ([@B49], [@B50]). The chemo-mechanical coupling scheme of F~1~ has been substantially characterized from the aspects of the single-molecule dynamics and atomic level three-dimensional (3D) structural analyses.

In the study of V~1~-ATPase, the rotation has been directly visualized for the first time by single-molecule analysis using V~1~ (or V~1~/A~1~) from *T. thermophilus* (TtV~1~). As F~1~, the TtV~1~ rotates counterclockwise with 120° steps per ATP hydrolysis, but no substeps have been resolved ([@B19], [@B20], [@B51]). The high-resolution 3D structure of TtV~1~ has also been solved by X-ray crystallography ([@B52], [@B53]). Furthermore, by cryo-EM, 3D structures of intact *T. thermophilus* V/A-ATPase in three main rotational states, in which orientations of the rotor subunits are different by ∼120° from each other, have been solved ([@B11], [@B12], [@B54]). Interestingly, in the most recent high-resolution structures ([@B54]), two additional substates, in which the whole V~1~ portion is slightly twisted against the V~o~ portion to the ATP synthesis or hydrolysis direction by 8 or 10°, respectively, have also been identified. However, the detailed comparison between the single-molecule dynamics and the 3D structure has not been conducted yet, and a chemo-mechanical coupling scheme remains elusive.

As a bacterial V~1~, we have previously visualized the rotation of V~1~ from *E. hirae* (EhV~1~) ([@B21]). In the previous study, using a gold nanoparticle as a low-load probe, we have found two distinct reversible rotational states, clear and unclear ([@B21], [@B55], [@B56]). In the clear state, EhV~1~ showed counterclockwise and 120° stepwise rotation without a substep, which is similar to TtV~1~. In contrast, in the unclear state, the probe attached to rotor DF showed large fluctuation. The clear and unclear states were not only observed in EhV~1~ reconstituted from the isolated stator A~3~B~3~ ring and the rotor DF subcomplex, but also in the recombinant A~3~B~3~DF complex, which has AviTag ([@B57]) in the D subunit for probe attachment. From these results, we previously concluded that the unclear state is an intrinsic property of the isolated EhV~1~, caused by the unstable interaction between the stator A~3~B~3~ ring and the rotor DF subcomplex. Supporting this notion, the whole EhV-ATPase complex with two peripheral stalks did not show an unclear state ([@B55]). In the studies of EhV~1~, in addition to the single-molecule analysis of rotational dynamics, high-resolution structures with different conformations have been solved by X-ray crystallography ([@B16], [@B17]). Based on insights obtained so far, a model of a chemo-mechanical coupling scheme of EhV~1~ without substeps has been proposed ([@B17], [@B56]).

In our previous single-molecule study ([@B21]), the EhV~1~ contained additional amino acid residues added to the N terminus of the D subunit and the C terminus of the F subunit for protein purification or inserted in the middle of the D subunit for AviTag modification. In the present study, we found that these additional amino acid residues caused the unclear state. Newly constructed EhV~1~ with minimized additional amino acid residues showed only clear states and substeps in the rotation. We performed single-molecule analysis using this newly constructed WT EhV~1~ and arginine finger (Arg-finger, Arg-350 in the B subunit ([@B58][@B59][@B60])) mutant EhV~1~ (A~3~B(R350K)~3~DF complex), which has very low ATPase activity ([@B16]). From the results of detailed single-molecule analyses and the previous structural information ([@B16], [@B17]), here we propose a new model of a chemo-mechanical coupling scheme of EhV~1~ including substeps.

Results
=======

EhV~1~ shows clear rotation with substep
----------------------------------------

The new construct of EhV~1~ ([Fig. S1*A*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)), which is different from those used in the previous study ([@B21]), was prepared, and ATP-driven rotation was observed. One of the previous constructs has an additional 7 amino acid residues (GSSGSSG) at the N terminus of the D subunit and 12 amino acid residues (SGPSSGENLYFQ) at the C terminus of the F subunit, after removal of tags for purification. Another previous construct has the AviTag, which consists of 15 amino acid residues (GLNDIFEAQKIEWHE) ([@B57]), inserted between Gly-121 and Tyr-122 of the D subunit for biotinylation. In the present study, we have prepared a new construct of the EhV~1~, which has a glycine residue instead of methionine at the N terminus of the D subunit and an additional 7 amino acid residues (GSSGSSG) at the N terminus of the F subunit. The newly constructed rotor DF subcomplex was purified and reconstituted with the stator A~3~B~3~ ring to form the EhV~1~ complex ([Fig. S1*B*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). In this study, this EhV~1~ complex is referred to as the WT.

The rotation of the WT EhV~1~ driven by ATP hydrolysis was observed by single-molecule analysis probed with a 40-nm gold nanoparticle attached to the D subunit at 10,000 frames/s (fps). The rotating molecules were found at various ATP concentrations (\[ATP\]s) from 100 n[m]{.smallcaps} to 30 m[m]{.smallcaps}, whereas it was difficult to find rotating molecules at \[ATP\] lower than 10 μ[m]{.smallcaps} in the previous study ([Fig. S1*C*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). The typical examples of the rotation at 10 μ[m]{.smallcaps}, 100 μ[m]{.smallcaps}, and 1 m[m]{.smallcaps} ATP are shown in [Fig. 1](#F1){ref-type="fig"}. At any \[ATP\]s, the EhV~1~ showed only clear rotation ([Fig. 1](#F1){ref-type="fig"}*A*), which is different from the previous study showing the clear and unclear rotations ([@B21]). The EhV~1~ showed stepwise rotations with pauses roughly separated 120° each other at each \[ATP\] ([Fig. 1](#F1){ref-type="fig"}, *B* and *C*). Furthermore, when time courses of the rotational angle were carefully observed, we found short subpauses with the length of a few milliseconds between the main pauses separated by 120° (*blue lines* and *dots* in [Fig. 1](#F1){ref-type="fig"}, *D* and *E*, respectively). This result indicates that the 120° steps are further divided into two substeps. The subpauses were observed at all tested \[ATP\]s. It seems that the duration of main pauses became shorter as \[ATP\] increased, whereas the duration of subpauses did not change.

![**Clear rotation and rotational substeps of EhV~1~.** *A*, typical time courses of rotation of WT EhV~1~ at 1 m[m]{.smallcaps}, 100 μ[m]{.smallcaps}, and 10 μ[m]{.smallcaps} ATP. The frame rate was 10,000 fps in all experiments. *B*, the *x-y* trajectories of the rotation shown in *A. Scale bar*, 20 nm. *C*, angle distributions of the rotation shown in *A. D*, expanded time courses of the rotary angle at 1 m[m]{.smallcaps}, 100 μ[m]{.smallcaps}, and 10 μ[m]{.smallcaps} ATP. *E*, *x-y* trajectories of the rotation shown in *D*. The main pauses and subpauses are shown in *red* and *blue*, respectively. *Scale bar*, 20 nm.](zbc9991913540001){#F1}

\[ATP\] dependence of rotation
------------------------------

The rotation velocity of the WT EhV~1~ changed depending on \[ATP\] and followed Michaelis--Menten kinetics ([Fig. 2](#F2){ref-type="fig"}*A*). The maximum rotation velocity (*V*~max~^ATP^) and the Michaelis constant (*K~m~*^ATP^) were 117 ± 3 revolutions per second (rps; fitted parameter ± fitting error) and 43 ± 6 μ[m]{.smallcaps}, respectively. The binding rate constant of ATP (*k*~on~^ATP^) determined from 3 × *V*~max~^ATP^/*K~m~*^ATP^ was 8.2 × 10^6^ [m]{.smallcaps}^−1^ s^−1^. The *V*~max~^ATP^ was similar to that of the previous study (107 rps; [Fig. S1*C*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)), whereas the *K~m~*^ATP^ was 4 times smaller than that of the previous study (154 μ[m]{.smallcaps}) ([@B21]). As a result, the *k*~on~^ATP^ was 4 times larger than that of the previous study (2.2 × 10^6^ [m]{.smallcaps}^−1^ s^−1^). The kinetic parameters obtained are summarized in [Table 1](#T1){ref-type="table"}.

![**Dwell time analysis of main pause and subpause.** *A*, \[ATP\] dependence of rotation velocity of WT EhV~1~. The *red open circles* and *small filled circles* show the average velocity and velocities of individual molecules, respectively. *Red line*, fit with the Michaelis--Menten equation: *V* = *V*~max~^ATP^ × \[ATP\]/(*K~m~*^ATP^ + \[ATP\]). The *V*~max~^ATP^ and *K~m~*^ATP^ were 117 ± 3 rps (fitted parameter ± fitting error) and 43 ± 6 μ[m]{.smallcaps}, respectively. The *k*~on~^ATP^ was estimated from 3 × *V*~max~^ATP^/*K~m~*^ATP^ as 8.2 × 10^6^ [m]{.smallcaps}^−1^ s^−1^. *B*, distributions of duration of the main pause. For 100 n[m]{.smallcaps} and 1 μ[m]{.smallcaps} ATP, the distributions were fitted with single-exponential decay functions: constant × exp(−*t*/τ). The time constants were obtained as 972 ± 41 and 95.7 ± 3.7 ms for 100 n[m]{.smallcaps} and 1 μ[m]{.smallcaps}, respectively. From 10 μ[m]{.smallcaps} to 30 m[m]{.smallcaps} ATP, the distributions were fitted with double-exponential decay functions assuming two consecutive first-order reactions: constant × (exp(−*t*/τ) − exp(−t/τ′)). The time constants were obtained as 11.9 ± 0.8 and 1.1 ± 0.2 ms for 10 μ[m]{.smallcaps}, 1.4 ± 0.9 and 1.0 ± 0.9 ms for 100 μ[m]{.smallcaps}, 0.7 ± 0.5 and 0.6 ± 0.5 ms for 1 m[m]{.smallcaps}, and 0.7 ± 0.5 and 0.5 ± 0.4 ms for 30 m[m]{.smallcaps}. *C*, distributions of duration of the subpause. The distributions were fitted with single-exponential decay functions: constant × exp(−*t*/τ). The time constants were obtained as 2.6 ± 0.2, 2.7 ± 0.1, 2.1 ± 0.1, 2.4 ± 0.2, 2.3 ± 0.1, and 2.2 ± 0.2 ms for 1 μ[m]{.smallcaps}, 10 μ[m]{.smallcaps}, 100 μ[m]{.smallcaps}, 1 m[m]{.smallcaps}, and 30 m[m]{.smallcaps} ATP, respectively. The accumulated distribution for all tested \[ATP\]s is shown at the *bottom*, and the time constant was estimated as 2.5 ± 0.2 ms. *D*, distributions of angle difference (Δθ) from main pause to subpause. The distributions were fitted with Gaussian functions. The peak angles were obtained as 36.8 ± 0.4, 32.8 ± 1.8, 41.7 ± 0.4, 42.5 ± 0.3, 42.0 ± 0.6, and 35.2 ± 0.8° at 1 μ[m]{.smallcaps}, 10 μ[m]{.smallcaps}, 100 μ[m]{.smallcaps}, 1 m[m]{.smallcaps}, and 30 m[m]{.smallcaps} ATP, respectively. The accumulated distribution for all tested \[ATP\]s is shown at the *bottom*, and the peak angle was estimated as 39.8 ± 0.1°. *E*, \[ATP\] dependences of the time constants. The *red circles* and *blue squares* show the time constant of main pause and subpause, respectively. The *red line* indicates the linear fit of τ~1~ from 100 n[m]{.smallcaps} to 10 μ[m]{.smallcaps} ATP. *F*, \[ATP\] dependence of Δθ. The *orange triangles* show the peak angle of Gaussian fitting at each \[ATP\].](zbc9991913540002){#F2}

###### 

**Kinetic parameters of WT and Arg-finger mutant EhV~1~ driven by ATP or ATPγS**

  Protein                                                                      Substrate   *K~m~^[a](#TF1-1){ref-type="table-fn"}^*   *V*~max~*^[a](#TF1-1){ref-type="table-fn"}^*   *k*~on~                                           Source/Reference
  ---------------------------------------------------------------------------- ----------- ------------------------------------------ ---------------------------------------------- ------------------------------------------------- ------------------
                                                                                           μ*[m]{.smallcaps}*                         *rps*                                          *[m]{.smallcaps}*^−*1*^ *s*^−*1*^                 
  WT EhV~1~ previous construct                                                 ATP         154 ± 33                                   107 ± 5                                        2.2 × 10^6^*^[b](#TF1-2){ref-type="table-fn"}^*   Ref. [@B21]
  WT EhV~1~ new construct                                                      ATP         43 ± 6                                     117 ± 3                                        8.2 × 10^6^*^[b](#TF1-2){ref-type="table-fn"}^*   This work
  WT EhV~1~ new construct                                                      ATP                                                                                                   1.0 × 10^7^*^[c](#TF1-3){ref-type="table-fn"}^*   This work
  WT EhV~1~ new construct                                                      ATPγS       1.2 ± 0.05                                 2.1 ± 0.4                                      1.7 × 10^6^*^[b](#TF1-2){ref-type="table-fn"}^*   This work
  Arg-finger mutant EhV~1~*^[d](#TF1-4){ref-type="table-fn"}^* new construct   ATP         0.29 ± 0.02                                0.38 ± 0.11                                    2.3 × 10^6^*^[b](#TF1-2){ref-type="table-fn"}^*   This work

*^a^* The Michaelis constant (*K~m~*) and the maximum velocity (*V*~max~) obtained by fitting of the \[ATP\] or \[ATPγS\] dependence of velocity with the Michaelis--Menten equation: *V* = *V*~max~^S^ × \[S\]/(*K~m~*^S^ + \[S\]), where S is ATP or ATPγS.

*^b^* The binding rate constant (*k*~on~) for ATP or ATPγS determined from *k*~on~^S^ = 3 × *V*~max~^S^/*K~m~*^S^, where S is ATP or ATPγS.

*^c^* The *k*~on~ for ATP estimated from the time constants of the main pause at 100 n[m]{.smallcaps} and 1 μ[m]{.smallcaps} ATP shown in [Fig. 2](#F2){ref-type="fig"}*B*.

*^d^* A~3~B(R350K)~3~DF complex.

To obtain the time constants and kinetic parameters, we then analyzed the durations for the main pause and subpause at various \[ATP\]s. The distributions of duration time for the main pause were dependent on \[ATP\] ([Fig. 2](#F2){ref-type="fig"}, *B* and *E*), whereas those for the subpause were independent of \[ATP\] ([Fig. 2](#F2){ref-type="fig"}, *C* and *E*). These results indicate that ATP binding occurs during the main pause.

At low \[ATP\], 100 n[m]{.smallcaps} and 1 μ[m]{.smallcaps}, the distributions of duration time for the main pause were fitted by single exponential decay functions with the time constant (τ~1~) of 972 ± 41 ms and 95.7 ± 3.7 ms, respectively ([Fig. 2](#F2){ref-type="fig"}*B*, *top* and *second from top*). Under these conditions, ATP binding is rate-limiting, and the time constants were inversely proportional to \[ATP\]. The value of *k*~on~^ATP^ estimated from the time constant and \[ATP\] (= 1/(\[ATP\] × τ~1~)) was 1.0 × 10^7^ [m]{.smallcaps}^−1^ s^−1^ for both 100 n[m]{.smallcaps} and 1 μ[m]{.smallcaps} ATP, consistent with 8.2 × 10^6^ [m]{.smallcaps}^−1^ s^−1^ determined from 3 × *V*~max~^ATP^/*K~m~*^ATP^ ([Fig. 2](#F2){ref-type="fig"}*A*).

At high \[ATP\], 1 m[m]{.smallcaps} and 30 m[m]{.smallcaps}, the distributions of duration time for the main pause showed convex shapes and were fitted by double exponential decay functions assuming two consecutive first-order reactions ([Fig. 2](#F2){ref-type="fig"}*B*, *second from bottom* and *bottom*; also see "Experimental procedures"). Under this condition, the durations of ATP binding (90--120 μs and 3--4 μs for 1 m[m]{.smallcaps} and 30 m[m]{.smallcaps} ATP, respectively, estimated from *k*~on~^ATP^) are too short to be detected with the 100 μs time resolution (10,000 fps) of this study. Therefore, two time constants (τ~2~ and τ~3~) of 0.5--0.7 ms, corresponding to the elementary steps other than ATP binding, were obtained.

At intermediate \[ATP\], 10 and 100 μ[m]{.smallcaps}, the distributions of duration time for the main pause again showed convex shapes and were fitted by double exponential decay functions assuming two consecutive first-order reactions ([Fig. 2](#F2){ref-type="fig"}*B*, *middle*). The \[ATP\] dependence of the two time constants obtained is shown in [Fig. 2](#F2){ref-type="fig"}*E*. One of the two time constants obtained at 10 and 100 μ[m]{.smallcaps} ATP was dependent on \[ATP\] and consistent with the durations of ATP binding ([Fig. 2](#F2){ref-type="fig"}*E*, plots on the *red line*). Therefore, these time constants were considered to be τ~1~. Another (τ′) was comparable with those obtained at high \[ATP\]. Therefore, τ′ was considered to include τ~2~ and τ~3~, which could not be separated.

The distributions of duration time for the subpause are shown in [Fig. 2](#F2){ref-type="fig"}*C*. In contrast to those for the main pause, the distributions were independent of \[ATP\] and almost similar. The distributions at each \[ATP\] were fitted by the single exponential decay functions with the time constants (τ~4~) of 2.1--2.7 ms. From the fitting of the accumulated distribution for all tested \[ATP\]s ([Fig. 2](#F2){ref-type="fig"}*C*, *bottom*), the time constant was estimated as 2.5 ± 0.2 ms. Consequently, the three time constants obtained (τ~2~ and τ~3~ at the main pause and τ~4~ at the subpause) will correspond to ATP cleavage, ADP release, or P~i~ release.

We also investigated the angle difference (Δθ) from the main pause to the subpause ([Fig. 2](#F2){ref-type="fig"}*D*). The distributions of Δθ at each \[ATP\] were similar each other and well-fitted by Gaussians with the peaks around 40° ([Fig. 2](#F2){ref-type="fig"}*F*). From the fitting of the accumulated distribution for all tested \[ATP\]s ([Fig. 2](#F2){ref-type="fig"}*D*, *bottom*), the peak value of 39.8 ± 0.1° was obtained.

The distributions of duration time for main pause and subpause and the distributions of Δθ for individual molecules at each \[ATP\] are also shown in [Fig. S2](http://www.jbc.org/cgi/content/full/RA119.008947/DC1). At each \[ATP\], there were no large differences in the distributions of duration time and Δθ for individual molecules. Therefore, we concluded that the values obtained by our single-molecule analysis with a relatively small sample number (at least 3 molecules per experimental condition) are valid.

ATPγS-driven rotation and angular position of bound cleavage
------------------------------------------------------------

The rotation of the WT EhV~1~ driven by ATPγS was observed at various ATPγS concentrations (\[ATPγS\]s) from 100 n[m]{.smallcaps} to 1 m[m]{.smallcaps} ([Fig. S3](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). It is known that ATPγS is a nonhydrolyzable or slowly hydrolyzable ATP analog for ATPases associated with various cellular activities (AAA+) proteins ([@B61][@B62][@B66]). F~1~ and V~1~ can hydrolyze ATPγS, although the cleavage rate is very low as compared with that of ATP, and the rotation velocity is much lower than that of ATP-driven rotation ([@B20], [@B23]). Rotation velocity of the WT EhV~1~ became much lower than that of ATP-driven rotation. The rotation velocity followed the Michaelis--Menten kinetics, and the *V*~max~^ATPγS^ and *K~m~*^ATPγS^ were 1.2 ± 0.1 rps and 2.1 ± 0.4 μ[m]{.smallcaps}, respectively ([Fig. S3](http://www.jbc.org/cgi/content/full/RA119.008947/DC1) and [Table 1](#T1){ref-type="table"}). The *k*~on~^ATPγS^ determined from 3 × *V*~max~^ATPγS^/*K~m~*^ATPγS^ was 1.7 × 10^6^ [m]{.smallcaps}^−1^ s^−1^.

At 1 m[m]{.smallcaps} ATP or ATPγS, under the condition that ATP or ATPγS binding is not rate-limiting of rotation, the rotation velocity driven by ATPγS was ∼100 times lower than that driven by ATP ([Fig. 3](#F3){ref-type="fig"}*A*). Even in the case where ATPγS was used, EhV~1~ also showed short subpauses between the main pauses separated by 120° ([Fig. 3](#F3){ref-type="fig"}*A*, *inset*). To verify the pause (main pause or subpause) at which ATPγS cleavage occurs, we analyzed the durations of main pause and subpause at 1 m[m]{.smallcaps} ATPγS and compared them with those at 1 m[m]{.smallcaps} ATP ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). As a result, the \[ATP\]-independent time constant during the main pause (τ~2~ or τ~3~, 144 ms) was much longer than that (0.5--0.7 ms) of ATP-driven rotation ([Fig. 3](#F3){ref-type="fig"}*B*). On the other hand, the τ~4~ in subpause (3.2 ms) and Δθ (37.9°) were similar (2.5 ms and 39.8°) to that of ATP-driven rotation ([Fig. 3](#F3){ref-type="fig"}, *C* and *D*). Therefore, we concluded that ATP cleavage occurs during the main pause, and τ~2~ or τ~3~ corresponds to the time constant for ATP cleavage.

![**ATPγS-driven rotation of EhV~1~ and dwell time analysis.** *A*, typical time courses of the rotation of WT EhV~1~ at 1 m[m]{.smallcaps} ATPγS. The expanded trace of ATPγS-driven rotation is shown in the *inset*. For comparison, an example of rotation at 1 m[m]{.smallcaps} ATP is also shown. *B*, distribution of duration of the main pause in rotation at 1 m[m]{.smallcaps} ATPγS. The distribution was fitted with a single-exponential decay function, and the time constant was estimated as 144 ± 3 ms (fitted parameter ± fitting error). *C*, distribution of duration of the subpause in rotation at 1 m[m]{.smallcaps} ATPγS. The distribution was fitted with a single-exponential decay function, and the time constant was estimated as 3.2 ± 0.2 ms. *D*, distribution of angle difference (Δθ) from main pause to subpause in rotation at 1 m[m]{.smallcaps} ATPγS. The distribution was fitted with a Gaussian function. The peak angle was estimated as 37.9 ± 0.2°. For comparison, the data for rotation at 1 m[m]{.smallcaps} ATP are shown in [Fig. 2](#F2){ref-type="fig"} (*B--D*).](zbc9991913540003){#F3}

Backward steps in ATPγS-driven rotation of WT in the presence of ADP
--------------------------------------------------------------------

When ATPγS-driven rotations of the WT EhV~1~ were observed, we occasionally found that the addition of ADP causes frequent backward steps during the rotation. A typical example of backward steps during the rotation at 10 μ[m]{.smallcaps} ATPγS in the presence of 100 μ[m]{.smallcaps} ADP is shown in [Fig. 4](#F4){ref-type="fig"}*A* (*arrowheads* and *insets*). The backward steps were observed only in the presence of ADP and in the rotation where the hydrolysis rate is slowed down by ATPγS. Furthermore, two kinds of backward steps were observed. One is the backward step from the main pause to the previous subpause position (−80° backward step), and another is the occasional further backward step to the previous main pause position (−80° and subsequent −40° backward steps). However, multiple backward steps larger than −120° were not observed.

![**Backward steps in ATPγS-driven rotation of WT EhV~1~ in the presence of ADP.** *A*, typical time course of EhV~1~ rotation at 10 μ[m]{.smallcaps} ATPγS in the presence of 100 μ[m]{.smallcaps} ADP. Backward steps are indicated by *black arrowheads*. The *x-y* trajectory and expanded time courses are shown in *insets*. In the expanded time course, the regions of *red* and *blue* indicate the angular position of the main pause and the subpause, respectively. *B*, the *schematic* of backward and recovery steps. The pauses before the −80° backward step (*green lines*), before the +80° recovery step after the −80° backward step (*purple*), before the −40° backward step (*orange*), before the +40° recovery step (*red*), and before the +80° recovery step after the +40° recovery step (*blue*) are shown. *C*, \[ADP\] dependences of time constants, mean and median values of the pauses shown in *B* at 10 μ[m]{.smallcaps} ATPγS in the presence of 1, 10, and 100 μ[m]{.smallcaps} ADP. *D*, \[ATPγS\] dependences of time constants, mean and median values of the pauses shown in *B* at 10, 30, and 100 μ[m]{.smallcaps} ATPγS in the presence of 300 μ[m]{.smallcaps} ADP. The distributions of pause durations are shown in [Fig. S4](http://www.jbc.org/cgi/content/full/RA119.008947/DC1). *Error bars*, S.D.](zbc9991913540004){#F4}

To elucidate the chemo-mechanical coupling mechanism of the backward step, we analyzed the durations of the pauses before −80° backward steps ([Fig. 4](#F4){ref-type="fig"}*B*, *green*), before +80° recovery steps after −80° backward steps (*purple*), before −40° backward steps (*orange*), before +40° recovery steps (*red*), and before +80° recovery steps after +40° recovery steps (*blue*) at various \[ADP\]s or \[ATPγS\]s ([Fig. S4](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). The time constants were estimated from the fitting of the single exponential decay functions. In addition, the mean and median values were calculated because some distributions were not well-fitted by the single exponential decay functions due to an insufficient number of events.

When \[ADP\] dependences were compared ([Fig. 4](#F4){ref-type="fig"}*C*), the time constants, means, and medians for all five kinds of pauses ([Fig. 4](#F4){ref-type="fig"}*B*) slightly decreased with increase of \[ADP\], but they were not strongly dependent on \[ADP\]. On the other hand, when \[ATPγS\] dependences were compared ([Fig. 4](#F4){ref-type="fig"}*D*), those for pauses before −80° backward steps ([Fig. 4](#F4){ref-type="fig"}*D*, *green*) and before +40° recovery steps ([Fig. 4](#F4){ref-type="fig"}*D*, *red*) slightly decreased with increase of \[ATPγS\], but those for the other three pauses slightly increased with increase of \[ATPγS\] ([Fig. 4](#F4){ref-type="fig"}*D*). Among them, the pause before +40° recovery steps showed the largest dependence on \[ATPγS\]. This result implies that ATPγS binding triggers a +40° recovery step. However, the details of the chemo-mechanical coupling mechanism remain unclear. Therefore, we tried to observe the backward steps without using ATPγS.

Backward steps in ATP-driven rotation of Arg-finger mutant in the presence of ADP
---------------------------------------------------------------------------------

We found that the backward steps were also observed in ATP-driven rotation of an Arg-finger mutant EhV~1~ (A~3~B(R350K)~3~DF complex) in the presence of ADP (*arrowheads* and *insets* in [Fig. 5](#F5){ref-type="fig"}*A*). The Arg-finger is a catalytic arginine residue that plays a role in stabilization of the transition state and acceleration of the hydrolysis rate in ATPases ([@B58][@B59][@B60]). In the biochemical assay, the Arg-finger mutant EhV~1~ showed very low ATPase activity compared with the WT ([@B16]). In the presence of ADP, ATP-driven rotation of the Arg-finger mutant EhV~1~ showed two kinds of backward step (−80 and −40° backward steps), the same as ATPγS-driven rotation of WT EhV~1~.

![**Backward steps in ATP-driven rotation of Arg-finger mutant EhV~1~ in the presence of ADP.** *A*, typical time course of rotation at 3 m[m]{.smallcaps} ATP in the presence of 10 m[m]{.smallcaps} ADP. The *black arrowheads* indicate the backward steps, and the *black arrows* indicate the 240° forward steps due to the alternative pathways as observed in TF~1~. The *x-y* trajectory and the expanded time course are shown in *insets*. In the expanded time course, the regions of *red* and *blue* indicate the angular position of the main pause and the subpause, respectively. *B*, the *schematic* of backward and recovery steps. The pauses before the −80° backward step (*green lines*), before the +80° recovery step after the −80° backward step (*purple*), before the −40° backward step (*orange*), before the +40° recovery step (*red*), and before the +80° recovery step after the +40° recovery step (*blue*) are shown. *C*, \[ADP\] dependences of time constants, mean and median values of the pauses shown in *B* at 3 m[m]{.smallcaps} ATP in the presence of 3, 10, and 30 m[m]{.smallcaps} ADP. *D*, \[ATP\] dependences of time constants, mean and median values of the pauses shown in *B* at 0.1, 0.3, and 1 m[m]{.smallcaps} ATP in the presence of 10 m[m]{.smallcaps} ADP. The distributions of pause durations are shown in [Fig. S5](http://www.jbc.org/cgi/content/full/RA119.008947/DC1). *Error bars*, S.D.](zbc9991913540005){#F5}

Then we analyzed the durations of the five kinds of pauses ([Fig. 5](#F5){ref-type="fig"}*B*) at various \[ADP\]s or \[ATP\]s ([Fig. S5](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). The time constants were estimated by the fitting of single exponential decay functions. In addition, the mean and median values were calculated. When \[ADP\] dependences were compared ([Fig. 5](#F5){ref-type="fig"}*C*), only the time constants for the pauses before −80° backward steps (*green*) clearly decreased with increase of \[ADP\], although those for the other four pauses were not dependent on \[ADP\]. The means and medians for the pauses before −80° backward steps showed less clear \[ADP\] dependences than that of time constants, presumably due to the difference in the number of minor short durations at each \[ADP\] ([Fig. S5*A*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). When \[ATP\] dependences were compared ([Fig. 5](#F5){ref-type="fig"}*D*), on the other hand, only the time constants, means, and medians for pauses before +40° recovery steps (*red*) clearly decreased with increase of \[ATP\], whereas those for the other four pauses were not dependent on \[ATP\]. From these results, we concluded that −80° backward and +40° recovery steps of the Arg-finger mutant EhV~1~ are triggered by ADP and ATP bindings, respectively.

Interestingly, in the ATP-driven rotation of the Arg-finger mutant EhV~1~, we also often observed rapid 240° forward steps (*arrows* in [Fig. 5](#F5){ref-type="fig"}*A*), suggesting the presence of alternative reaction pathways as observed in TF~1~ ([@B67]). Detailed analysis of the alternative reaction pathways of the Arg-finger mutant EhV~1~ will be published elsewhere.

Rotation in high concentration of P~i~
--------------------------------------

To confirm whether backward steps triggered by P~i~ binding are observed, rotation of the WT EhV~1~ driven by ATP or ATPγS and that of the Arg-finger mutant EhV~1~ driven by ATP were observed in high P~i~ concentration (\[P~i~\]) ([Fig. 6](#F6){ref-type="fig"}, *A--D*). At 1 m[m]{.smallcaps} ATP, the velocity of the WT decreased ∼40% in 500 m[m]{.smallcaps} P~i~ (which corresponds to ionic strength of 994 m[m]{.smallcaps}) as compared with that in 20 m[m]{.smallcaps} P~i~ (which corresponds to ionic strength of 88 m[m]{.smallcaps}) ([Fig. 6](#F6){ref-type="fig"}*E*). However, backward steps were not observed. Moreover, velocity decrement was not specific to P~i~ because the velocity also decreased to a similar level in the presence of 1000 m[m]{.smallcaps} KCl (ionic strength of 1038 m[m]{.smallcaps}, similar to that of 500 m[m]{.smallcaps} P~i~) ([Fig. 6](#F6){ref-type="fig"}*I*). At 10 μ[m]{.smallcaps} ATP, the velocity of WT EhV~1~ largely decreased with the increase of \[P~i~\] ([Fig. 6](#F6){ref-type="fig"}*F*). However, again, the backward steps were not observed, and the velocity decrement was not specific to P~i~ because KCl also caused large velocity decrement ([Fig. 6](#F6){ref-type="fig"}*J*). These results indicate that there are no P~i~-specific inhibitions in the ATP-driven rotation of the WT EhV~1~. Instead, high ionic strength likely causes the decrease of rotation velocity by decreasing the ATP binding rate and/or by destabilizing the EhV~1~ complex.

![**Rotation of WT and Arg-finger mutant EhV~1~ in the presence of a high concentration of P~i~.** *A--D*, examples of time course of the rotation. The rotations of WT EhV~1~ at 1 m[m]{.smallcaps} ATP (*A*), 10 μ[m]{.smallcaps} ATP (*B*), 1 m[m]{.smallcaps} ATPγS (*C*), and Arg-finger mutant EhV~1~ at 1 m[m]{.smallcaps} ATP (*D*) were observed at 10,000 fps in the presence of 20, 200, and 500 m[m]{.smallcaps} P~i~. *E--H*, P~i~ concentration dependences of rotation velocity. The *red open circles* and *small filled circles* indicate average velocity and velocities of individual molecules in the presence of P~i~, respectively. *I--L*, ionic strength dependences of rotation velocity. The *red open circles* and *small filled circles* indicate average velocity and velocities of individual molecules in the presence of P~i~, respectively. The *green open squares* and *small filled squares* in *I* and *J* indicate average velocity and velocities of individual molecules in the presence of KCl, which is added instead of P~i~ as an ion source. *Error bars*, S.D.](zbc9991913540006){#F6}

The backward steps were also not observed in the rotation of the WT driven by 1 m[m]{.smallcaps} ATPγS and that of the Arg-finger mutant driven by 1 m[m]{.smallcaps} ATP in high \[P~i~\]. In contrast to the ATP-driven rotation of the WT, the rotation velocity did not largely change, depending on \[P~i~\] or ionic strength ([Fig. 6](#F6){ref-type="fig"}, *G*, *H*, *K*, and *L*), presumably because rotation velocity is already much lower than that of the ATP-driven rotation of the WT.

Discussion
==========

We previously reported that the EhV~1~ has two distinct reversible rotational states, namely clear and unclear, and concluded that the unclear rotation is caused by the unstable interaction between the stator A~3~B~3~ ring and the rotor DF subcomplex of the EhV~1~ ([@B21], [@B55]). However, in the present study, we prepared a new construct of EhV~1~ with minimum additional amino acid residues in the rotor DF ([Fig. S1](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)) and found that the newly constructed EhV~1~ showed only clear rotation ([Fig. 1](#F1){ref-type="fig"}, *A--C*). This result strongly suggests that the unclear rotation observed in the previous study is caused by the additional amino acid residues in the DF. In other words, the unstable interaction between the stator A~3~B~3~ and the rotor DF is caused by these additional amino acid residues. Interestingly, the *k*~on~^ATP^ for new construct increased 4 times as compared with that of the previous one ([Fig. S1](http://www.jbc.org/cgi/content/full/RA119.008947/DC1) and [Table 1](#T1){ref-type="table"}). This result strongly suggests that ATP binding is facilitated by the increased stability of the new construct.

In addition to the persistent clear rotation, we found that the EhV~1~ shows a subpause that divides the 120° step into 40 and 80° substeps ([Fig. 1](#F1){ref-type="fig"}, *D* and *E*). In the ATP-driven rotation of WT EhV~1~, three time constants (τ~1~, τ~2~, and τ~3~) in the main pause and a time constant (τ~4~) in the subpause were obtained from the analysis of duration times ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). Because the τ~1~ was inversely proportional to \[ATP\] in the range of 100 n[m]{.smallcaps} to 10 μ[m]{.smallcaps} ATP at which ATP binding is rate-limiting ([Fig. 2](#F2){ref-type="fig"}*E*), we concluded that ATP binding occurs during the main pause, and τ~1~ corresponds to the time constant for ATP binding. Other time constants (τ~2~, τ~3~, and τ~4~) with the length of a few milliseconds were not dependent on \[ATP\], indicating that these time constants correspond to the elementary steps of the ATP hydrolysis reaction other than ATP binding, namely ATP cleavage, ADP release, or P~i~ release. The subpause was observed not only in ATP-driven rotation but also in ATPγS-driven rotation of the WT ([Fig. 3](#F3){ref-type="fig"}*A*). From the analysis of duration times, τ~2~ or τ~3~ in the main pause of ATPγS-driven rotation was much longer than that of ATP-driven rotation, whereas τ~4~ in subpause was similar ([Fig. 3](#F3){ref-type="fig"}, *B* and *C*). Therefore, we concluded that ATP cleavage occurs during main pause, and τ~2~ or τ~3~ corresponds to the time constant for ATP cleavage.

In the presence of ADP, the WT EhV~1~ showed frequent backward steps in the main pause during ATPγS-driven rotation ([Fig. 4](#F4){ref-type="fig"}*A*). There were two kinds of backward steps, the −80° backward step from the main pause to the previous subpause and an occasional further −40° backward step after the −80° backward step. Similar backward steps were also observed in ATP-driven rotation of the Arg-finger mutant EhV~1~ in the presence of ADP ([Fig. 5](#F5){ref-type="fig"}*A*). From the results of detailed analysis of duration times before and after backward steps ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"} and [Figs. S4](http://www.jbc.org/cgi/content/full/RA119.008947/DC1) and [S5](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)), we concluded that −80° backward and 40° recovery steps are triggered by ADP and ATP (ATPγS) bindings, respectively. If we assume that recovery steps are the reverse reactions of backward steps, it is considered that +80° recovery and −40° backward steps are triggered by ADP and ATP (ATPγS) releases, respectively. In addition, assuming that recovery steps correspond to normal forward steps, we concluded that 40 and 80° substeps are triggered by ATP (ATPγS) binding and ADP release, respectively. Therefore, τ~4~ in the subpause corresponds to the time constant for ADP release.

On the other hand, even in the presence of very high concentrations of P~i~, the backward steps and the decrease of velocity specific to P~i~ were not observed in rotation of the WT driven by ATP or ATPγS and that of the Arg-finger mutant driven by ATP ([Fig. 6](#F6){ref-type="fig"}). These results strongly suggest that the affinity of P~i~ to the catalytic site of EhV~1~ is very low, and P~i~ easily dissociates from the catalytic site after ATP cleavage, and/or P~i~ present in solution does not bind to the catalytic site easily. Therefore, we concluded that τ~2~ or τ~3~ in the main pause corresponds to the time constant for P~i~ release.

At high \[ATP\], in the main pause, we assumed the reaction scheme without reverse reaction (ATP synthesis) for analysis (see [Scheme 1](#FD3){ref-type="disp-formula"} under "Experimental procedures"). However, if ATP synthesis occurs on the catalytic site, we should consider another reaction scheme including the reverse reaction (see [Scheme 2](#FD4){ref-type="disp-formula"}). With [Scheme 2](#FD4){ref-type="disp-formula"}, we obtained the values of time constants for ATP cleavage (τ~hyd~^ATP^ in [Equation 2](#FD2){ref-type="disp-formula"} under "Experimental procedures"), ATP synthesis (τ~syn~^ATP^), and P~i~ release (τ~off~^Pi^) as 0.7, 0.7, and 1.8 ms, respectively. Furthermore, by comparing τ~syn~^ATP^ (0.7 ms) and τ~off~^Pi^ (1.8 ms), the probability of reverse reaction (ATP synthesis) and the expected number of reverse reactions were estimated as 72% and 2.6 per single main pause, respectively. It has been reported that under the unisite catalysis condition, where ATP binds to only one of three catalytic sites, F~1~ shows repetitive rapid interconversion between ATP and ADP + P~i~ states ([@B68][@B69][@B70]). However, increment of \[ATP\] prevents the reversal of ATP hydrolysis ([@B69], [@B71]), indicating that the repetitive interconversion of ATP/ADP + P~i~ does not occur under the multisite catalysis condition in which F~1~ rotates unidirectionally, driven by ATP hydrolysis. In this study, we employed [Scheme 1](#FD3){ref-type="disp-formula"} rather than [Scheme 2](#FD4){ref-type="disp-formula"}, because multisite catalysis occurs during unidirectional rotation of EhV~1~, and the multiple rounds of ATP cleavage/synthesis were also not considered in the previous single-molecule studies of F~1~ and V~1~ ([@B19][@B20][@B29], [@B31][@B32][@B35]).

[Fig. 7](#F7){ref-type="fig"}*A* shows a model of a chemo-mechanical coupling scheme for the backward step of EhV~1~. It is worth noting that the backward step in the presence of ADP was observed only when the duration time of ATP cleavage was prolonged by using ATPγS or the Arg-finger mutant, which is very different from the physiological condition. Therefore, we expect that the backward steps do not occur under physiological conditions. On the other hand, the observation of backward step is important to consider the reversibility of ATP hydrolysis/synthesis reaction of EhV~1~. Our results suggest the possibility that EhV~1~ can synthesize ATP if it is forcibly rotated in the opposite direction, as reported for TF~1~ ([@B72]). Furthermore, interestingly, we also found that the backward steps occur in the early part of the main pauses ([Fig. S6](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). This result suggests that ADP binding to an empty catalytic site can occur during main pause before ATP cleavage in another catalytic site.

![**A model of chemo-mechanical coupling of EhV~1~ including substeps and backward steps.** *A*, model of backward steps described with the nucleotide states of three catalytic sites. *Three black circles* and a *green arrow* indicate the catalytic sites and the direction of rotor DF of EhV~1~, respectively. Under the conditions where bond cleavage durations are very long, such as ATPγS-driven rotation of WT or ATP-driven rotation of Arg-finger mutant, EhV~1~ shows backward steps in the presence of ADP. There are two kinds of the backward step, the −80° backward step from the main pause (*red line*) to the previous subpause (*blue line*) and the subsequent −40° backward step to the previous main pause. In our model, the −80 and −40° backward steps are triggered by ADP binding and ATP release, respectively. Also, the 40 and 80° recovery steps are triggered by ATP binding and ADP release, respectively. *B*, chemo-mechanical coupling scheme of EhV~1~ in normal rotation. During the main pause, ATP cleavage occurs, and P~i~ is released immediately. Then ATP binds to the empty site, and rotor DF rotates 40°. During the subpause, product ADP is released, and then the rotor DF subcomplex rotates 80°. In this scheme, when we focus on the single catalytic site on top, ATP (shown in *red*) binds at 0°, and then bound ATP is cleaved into ADP and P~i~ at 240°, P~i~ is released at the same angle, and ADP is released at 280°. In our model, the previous crystal structure corresponds to a state during the main pause.](zbc9991913540007){#F7}

[Fig. 7](#F7){ref-type="fig"}*B* shows a model of the chemo-mechanical coupling scheme of EhV~1~ rotation based on the present single-molecule study and the previous structural information. If we consider only the results of single-molecule analysis, eight models can be possible ([Fig. S7](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). They are roughly classified into three models: after ATP binding at 0°, ATP cleavage at 120°, and ADP release at 160° ([Fig. S7*A*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)); ATP cleavage at 120° and ADP release at 280° ([Fig. S7*B*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)); and ATP cleavage at 240° and ADP release at 280° ([Fig. S7*C*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)). Each model has two or three submodels with different timings of P~i~ release. In these models, EhV~1~ can bind with one or two or with two or three nucleotides (ATP or ADP) during the catalytic cycles. On the other hand, in the previous crystal structures ([@B16], [@B17]), it has been shown that EhV~1~ bound with two or three nucleotides. This structural information restricts possible models to those shown in [Fig. S7 (*B* and *C*)](http://www.jbc.org/cgi/content/full/RA119.008947/DC1). Furthermore, if we compare catalytic states of the remaining models with those of the "catalytic dwell" crystal structure (empty, tight, bound in the counterclockwise direction; [Fig. S7*D*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1)) ([@B16], [@B17]), we can further restrict possible models to the two shown in [Fig. S7*C*](http://www.jbc.org/cgi/content/full/RA119.008947/DC1). Finally, considering the low affinity of P~i~ ([Fig. 6](#F6){ref-type="fig"}), we prefer the model shown in [Fig. 7](#F7){ref-type="fig"}*B*, in which ATP is cleaved at 240°, P~i~ is released at 240° (immediately after the ATP cleavage into ADP and P~i~), and ADP is released at 280°.

It is worth noting that in the previous structural analysis, there were no differences in the rotational angles of the rotor DF between "catalytic dwell" and "ADP release dwell" crystal structures, in which EhV~1~ binds with two and three nucleotides, respectively ([@B16], [@B17]). On the other hand, in our chemo-mechanical coupling model of EhV~1~ ([Fig. 7](#F7){ref-type="fig"}*B*), the rotational angle of the rotor DF for the ADP release dwell at the subpause is 40° ahead from that for the catalytic dwell at the main pause. In the crystal structure of the ADP release dwell, all three catalytic sites of EhV~1~ bind with ADP. On the other hand, in our model, two catalytic sites bind with ATP, and one binds with ADP during the ADP release dwell at the subpause. We consider that difference of the nucleotides bound to the three catalytic sites is relevant to the apparent discrepancy of rotational angle of the rotor DF between the crystal structure and our model.

In this study, we have shown that EhV~1~ also shows a substep like F~1~, although the mechanism of chemo-mechanical coupling is largely different from those of F~1~. In F~1~, although the angle and the number of substeps are different between TF~1~ and HF~1~ ([@B22][@B23][@B29]), the elementary steps that generate a substep are similar to each other; the first substep is triggered by ATP binding coupled with ADP release, the second substep is triggered by P~i~ release, and the third substep for HF~1~ is triggered by ATP cleavage. On the other hand, in EF~1~, it has been reported that ADP is released at around 50° after ATP binding during the first substep, although the pause duration waiting for ADP release has not been estimated ([@B35]). According to our chemo-mechanical coupling scheme of EhV~1~ ([Fig. 7](#F7){ref-type="fig"}*B*), ATP binding and ADP release occur at different angles and trigger substeps separately as EF~1~. In addition, in our model, ATP cleavage in one catalytic site and ATP binding to another empty catalytic site occur at the same angle, similar to TtV~1~ ([@B20]) and A~1~-ATPase from *Methanosarcina mazei* A-type ATP synthase ([@B73]). Therefore, it is suggested that this similarity comes from structural similarity, not from physiological function.

In F~1~, it has also been proposed that ADP is released prior to P~i~. If P~i~ is occasionally released prior to ADP, TF~1~ lapses into the so-called MgADP-inhibited state and stops rotation ([@B28]). On the other hand, in our chemo-mechanical coupling scheme of EhV~1~ ([Fig. 7](#F7){ref-type="fig"}*B*), P~i~ release occurs before ADP release and does not trigger a substep, although the timing of P~i~ release has not been completely determined in the present study. In the previous single-molecule manipulation of TF~1~, it has also been proposed that the order of ADP and P~i~ release (ADP first, P~i~ second) is important for efficient ATP synthesis in the cell in which \[ATP\] is much higher than \[ADP\] ([@B27]). For selective binding of ADP instead of ATP, the catalytic site must be occupied with P~i~ in advance. Considering the physiological function of EhV-ATPase as an ion pump driven by ATP hydrolysis, EhV~1~ does not have to release ADP prior to P~i~. In this aspect, evaluation of the ATP synthesis ability of EhV-ATPase driven by the electrochemical potential gradient of the ion across the cell membrane will be an important issue to be addressed, to understand reversibility of energy conversion and functional differentiation of the rotary ATPases.

Experimental procedures
=======================

Purification of proteins
------------------------

EhV~1~ was reconstituted from A~3~B~3~ and biotinylated DF subcomplexes. The A~3~B~3~ and DF subcomplexes were prepared separately to biotinylate only DF subcomplex. The WT A~3~B~3~, Arg-finger mutant A~3~B(R350K)~3~, and DF were expressed in *E. coli* BL21 (DE3) cells from the expression plasmids pTR19-A(His~6~ at N)B, pTR19-A(His~6~ at N)B(R350K), and pTR19-D(Riken-His at N/M1G/T60C/R131C)F(Riken-His at N). Cells were transformed with expression plasmid and cultivated in Super broth (32 g/liter tryptone, 20 g/liter yeast extract, and 5 g/liter NaCl) containing 100 μg/ml ampicillin and 1 m[m]{.smallcaps} isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside at 37 °C overnight. Cells were suspended in Equilibrium buffer (20 m[m]{.smallcaps} KP~i~ (pH 8.0), 230 m[m]{.smallcaps} NaCl, and 20 m[m]{.smallcaps} imidazole) and disrupted by sonication. The cell debris was separated by centrifugation (81,000 × *g*, 20 min, 4 °C), and then the soluble fraction was applied to a nickel-nitrilotriacetic acid column (Ni-NTA Superflow, Qiagen) equilibrated with Equilibrium buffer. After washing with 10 column volumes of Equilibrium buffer, the A~3~B~3~, A~3~B(R350K)~3~, or DF was eluted with Elution buffer (20 m[m]{.smallcaps} KP~i~ (pH 8.0), 50 m[m]{.smallcaps} NaCl, and 200 m[m]{.smallcaps} imidazole). The eluted fractions were concentrated with a centrifugal concentrator (Amicon Ultra-10K, Merck Millipore). Then the A~3~B~3~ or A~3~B(R350K)~3~ passed through a gel-filtration column (Superdex 200, GE Healthcare) equilibrated with Gel-filtration buffer A (20 m[m]{.smallcaps} MES-NaOH (pH 6.5), 100 m[m]{.smallcaps} NaCl, and 10% glycerol). The purified A~3~B~3~ or A~3~B(R350K)~3~ was flash-frozen in liquid nitrogen and stored at −80 °C before use.

In the case of the DF, TEV-protease treatment was applied to cut Riken-His tag. The concentrated fraction was diluted 5-fold with the TEV treatment buffer (20 m[m]{.smallcaps} KP~i~ (pH 8.0), 50 m[m]{.smallcaps} NaCl, 0.04% 2-mercaptoethanol, 40 μg/ml TEV protease). After treatment for 16 h at 4 °C, the solution was applied to Ni-NTA Superflow. The flow-through was concentrated with Amicon Ultra-10K, and then the DF was further purified by passing through a Superdex 75 column equilibrated with Gel-filtration buffer B (20 m[m]{.smallcaps} Tris-HCl (pH 8.0), 100 m[m]{.smallcaps} NaCl). The purified DF was applied to a buffer exchange column (NAP-5 Columns, GE Healthcare) equilibrated with Biotinylation buffer (20 m[m]{.smallcaps} KP~i~ (pH 7.0), 150 m[m]{.smallcaps} NaCl). The eluted fraction with Biotinylation buffer was concentrated with a centrifugal concentrator (Vivaspin 500, 5000 molecular weight cutoff polyethersulfone, Sartorius) and diluted with Biotinylation buffer including a 3-fold molar excess of biotinylation reagent (biotin-PEAC~5~-maleimide, Dojindo). After incubation for 30 min at 25 °C, the biotinylation was quenched by using 10 m[m]{.smallcaps} DTT at 25 °C for 10 min. Then the biotinylated DF was flash-frozen in liquid nitrogen and stored at −80 °C before use.

To reconstitute EhV~1~, purified A~3~B~3~ or A~3~B(R350K)~3~ and biotinylated DF were mixed gently at a 1:2 molar ratio and incubated for 3 h at 25 °C. Reconstituted EhV~1~ was purified by using a Superdex 200 column equilibrated with Gel-filtration buffer A. The purified EhV~1~ was flash-frozen in liquid nitrogen and stored at −80 °C before use. The degrees of biotinylation for WT and Arg-finger mutant EhV~1~ were estimated to be 172 and 178%, respectively, by using the Pierce^TM^ Fluorescence Biotin Quantitation Kit (Thermo Fisher Scientific) with WT EhV~1~ without biotinylation as a negative control. These values are reasonable because two cysteine residues (T60C and R131C) were introduced into the D subunit for biotinylation, and the ideal maximum value is 200%.

The ADP-dependent glucokinase from hyperthermophilic archaea *Pyrococcus furiosus* (PfGK) is an enzyme that phosphorylates glucose using ADP and produces glucose 6-phosphate and AMP ([@B74][@B75][@B77]). In the observation of ATPγS-driven rotation of EhV~1~, PfGK and glucose were used to remove the contaminated ADP in ATPγS (Roche Applied Science) as an ADP-quenching system ([@B20]). The PfGK was expressed in *E. coli* Tuner (DE3) cells from the expression plasmids pET27b-PfGK. Cells were transformed with expression plasmid and cultivated in LB medium (1% Tryptone, 0.5% g/liter yeast extract, and 1% NaCl) containing 100 μg/ml ampicillin and 1 m[m]{.smallcaps} isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside at 37 °C overnight. Cells were suspended in 100 m[m]{.smallcaps} Tris-HCl (pH 8.0) including 1 m[m]{.smallcaps} DTT and disrupted by sonication, and then the cell debris was separated by centrifugation (15,000 × *g*, 30 min). The soluble fraction was heat-treated (90 °C, 30 min), and denatured and aggregated proteins were separated by centrifugation (15,000 × *g*, 30 min). Then heating and centrifugation were repeated twice. The soluble fraction was then passed through a Superdex 200 column equilibrated with 100 m[m]{.smallcaps} Tris-HCl (pH 8.0). The purified protein was stored at 4 °C before use.

Preparation of gold nanoparticles
---------------------------------

To 1 ml of 40-nm gold nanoparticle suspension (BBI Solutions), 20 μl of 10% Tween 20 was added and mixed well. Then 20 μl of 1 [m]{.smallcaps} KP~i~ (pH 8.0) and 100 μl of Biotinylation solution (1 mg/ml biotin-EG3-undecanethiol (SensoPath Technologies), 2% (v/v) carboxy-EG6-undecanethiol (Dojindo), 2% (v/v) hydroxy-EG6-undecanethiol (Dojindo) dissolved in ethanol) were added and mixed. After incubation at 70 °C overnight, the suspension was centrifuged at 15,000 rpm for 5 min at 25 °C. The pellet was resuspended in 1 ml of Wash buffer (10 m[m]{.smallcaps} KP~i~ (pH 8.0), 0.2% Tween 20) and centrifuged again. Then resuspension and centrifugation were repeated six times, and the unreacted biotin was removed. The pellet was resuspended in 1 ml of Wash buffer including 1 mg/ml streptavidin (ProSpec) and mixed by inversion for 3 h at 25 °C. The unreacted streptavidin was removed by repeating centrifugation (15,000 rpm, 5 min, 25 °C) and resuspension with 1 ml of Wash buffer six times. Finally, the pellet was suspended with 100 μl of 10 m[m]{.smallcaps} KP~i~ (pH 8.0) and stored at 4 °C before use.

Single-molecule imaging of rotation
-----------------------------------

To visualize the rotation of EhV~1~, streptavidin-coated 40-nm gold nanoparticle was attached to biotinylated DF subcomplex as a low-load probe. The rotation of EhV~1~ was observed as a motion of gold nanoparticle in the flow cell. The flow cell was prepared by covering an untreated coverglass (18 × 18 mm^2^, Matsunami Glass) on a coverglass (24 × 32 mm^2^, Matsunami Glass) immersed overnight in piranha solution (H~2~SO~4~/H~2~O~2~ = 3:1) and washed with 1 [m]{.smallcaps} KOH for 30 min. By placing four greased spacers between two coverglasses, three chambers with ∼4-mm width and ∼50-μm thickness were arranged side by side. The EhV~1~ of 5--10 n[m]{.smallcaps} in Observation buffer A (20 m[m]{.smallcaps} KP~i~ (pH 7.0), 230 m[m]{.smallcaps} NaCl) was infused into the flow cell and incubated for 10 min. The EhV~1~ molecules were attached to the glass surface by the electrostatic interaction between positively charged histidine tag (His~6~ tag) introduced into the A subunits and negatively charged glass surface. After buffer exchange with 40 μl (∼10 times chamber volume) of Observation buffer A including 5 mg/ml BSA and incubation for 5 min, streptavidin-coated 40-nm gold nanoparticles suspended in Observation buffer A including 5 mg/ml BSA were infused and incubated for 10 min. To remove the unbound gold nanoparticles, the flow cell was washed with 40 μl of Observation buffer B (20 m[m]{.smallcaps} KP~i~ (pH 6.5), 50 m[m]{.smallcaps} KCl, 2 m[m]{.smallcaps} MgCl~2~). The fractions of EhV~1~ molecules on the glass surface bound with gold nanoparticles were estimated to be 0.97 and 0.88% for WT and Arg-finger mutant EhV~1~, respectively, by comparing the density of Cy3-labeled EhV~1~ bound on the glass surface (0.34 molecules/μm^2^ at 50 p[m]{.smallcaps} EhV~1~ input, measured by single-molecule fluorescence imaging) and the density of gold nanoparticle attached to the glass surface (0.33 and 0.30 particles/μm^2^ for WT and Arg-finger mutant at 5 n[m]{.smallcaps} EhV~1~ input, respectively). After buffer exchange with Observation buffer B containing the prescribed concentration of Mg-ATP and ATP-regenerating system (2.5 m[m]{.smallcaps} phosphoenolpyruvate and 0.1 mg/ml pyruvate kinase), observation of rotation was started. When ATPγS was used, the ADP-quenching system (10 m[m]{.smallcaps} glucose and 0.1 mg/ml PfGK) ([@B20]) was applied instead of the ATP-regenerating system. When ADP was also added, the ATP-regenerating system and ADP-quenching system were omitted.

The gold nanoparticle was observed using an objective-type total internal reflection dark-field microscope ([@B78][@B79][@B80]) constructed on an inverted microscope (IX-70, Olympus). The gold nanoparticles were illuminated by the evanescent field, which has a penetration depth of ∼100 nm from the surface of the coverglass. The scattering images of a rotating gold nanoparticle were recorded as an 8-bit movie file using a high-speed CMOS camera (FASTCAM 1024PCI, Photron) at 10,000 fps with a pixel size of 92 nm/pixel. The ratios of rotating gold nanoparticles to all gold nanoparticles bound on the glass surface were 1.4% for WT and 5.4% for Arg-finger mutant EhV~1~. The centroid and rotary angle at each frame of the image sequence were analyzed by a custom-made plugin of the ImageJ software (National Institutes of Health), and the pauses in rotation trajectory were manually identified by eye. For detailed analysis, we selected the EhV~1~ molecules showing similar pausing durations for three main pauses (EhV~1~ molecules rotating "symmetrically"). Due to local roughness of the glass surface, the axis of rotation of EhV~1~ can deviate from the normal direction of the sample plane of the optical microscope. In this case, the gold nanoparticle attached to EhV~1~ would show longer pauses at a specific angle due to increased nonspecific interaction with the glass surface. The rotating molecules for detailed analysis were manually selected by eye.

Fitting of distributions of duration time for main pause of WT EhV~1~ at high \[ATP\]
-------------------------------------------------------------------------------------

In our study, at high \[ATP\], the distributions of duration time for the main pause of WT EhV~1~ ([Fig. 2](#F2){ref-type="fig"}*B*) were fitted by double-exponential decay functions assuming two consecutive first-order reactions with two time constants, $$y = A \times \left( {e^{- \frac{t}{\tau}} - e^{- \frac{t}{\tau\prime}}} \right)$$ where *A* is constant, τ and τ′ are time constants (or *k* = 1/τ, rate constant), and *t* is duration time. According to the model of chemo-mechanical coupling of EhV~1~ ([Fig. 7](#F7){ref-type="fig"}*B*), the reaction scheme for main pause is described as follows, $$\begin{matrix}
{AB_{\text{tight}} \cdot \text{ATP}\overset{k_{\text{hyd}}^{\text{ATP}}}{\rightarrow}AB_{\text{tight}} \cdot \left( {\text{ADP} + \text{P}_{\text{i}}} \right)\overset{k_{\text{off}}^{\text{P}_{\text{i}}}}{\rightarrow}AB_{\text{tight}} \cdot \text{ADP} + \text{P}_{\text{i}}} \\
{\text{SCHEME}\, 1} \\
\end{matrix}$$ where *AB*~tight~ is one of three catalytic sites at which ATP is about to be cleaved. With [Scheme 1](#FD3){ref-type="disp-formula"}, two time constants (0.5 and 0.7 ms; [Fig. 2](#F2){ref-type="fig"}*B*, 30 m[m]{.smallcaps} ATP) corresponding to ATP cleavage (τ~hyd~^ATP^ = 1/*k*~hyd~^ATP^) or phosphate release (τ~off~^Pi^ = 1/*k*~off~^Pi^) were obtained.

If multiple rounds of ATP cleavage (hydrolysis) and synthesis occur during single main pause, as is the case for unisite catalysis of F~1~ ([@B68][@B69][@B70]), the reaction is described with [Scheme 2](#FD4){ref-type="disp-formula"} below. $$\begin{matrix}
{AB_{\text{tight}} \cdot \text{ATP}\underset{k_{\text{syn}}^{\text{ATP}}}{\overset{k_{\text{hyd}}^{\text{ATP}}}{\rightleftarrows}}AB_{\text{tight}} \cdot \left( {\text{ADP} + \text{P}_{\text{i}}} \right)\overset{k_{\text{off}}^{\text{P}_{\text{i}}}}{\rightarrow}AB_{\text{tight}} \cdot \text{ADP} + \text{P}_{\text{i}}} \\
{\text{SCHEME}\, 2} \\
\end{matrix}$$

For [Scheme 2](#FD4){ref-type="disp-formula"}, the fitting function for the distribution of duration time for the main pause is expressed as follows. $$y = A \times \left( {e^{- \frac{t}{\tau_{\text{hyd}}^{\text{ATP}}}} - e^{- {({\frac{1}{\tau_{\text{syn}}^{\text{ATP}}} + \frac{1}{\tau_{\text{off}}^{\text{P}_{\text{i}}}}})}t}} \right)$$

In [Equation 2](#FD2){ref-type="disp-formula"}, we can assume that τ~hyd~^ATP^ = τ~syn~^ATP^ because of isoenergetic ATP/ADP + P~i~ states ([@B68]). From this restriction condition, we obtained the values of time constants as τ~hyd~^ATP^ = τ~syn~^ATP^ = 0.7 ms and τ~off~^Pi^ = 1.8 ms. Furthermore, by comparing τ~syn~^ATP^ (0.7 ms) and τ~off~^Pi^ (1.8 ms), the probability of reverse reaction and the expected number of reverse reactions were estimated as 72% and 2.6 per single main pause, respectively.

In this study, we employed [Scheme 1](#FD3){ref-type="disp-formula"} rather than [Scheme 2](#FD4){ref-type="disp-formula"}, because multisite catalysis occurs during unidirectional rotation of EhV~1~, and the multiple rounds of ATP cleavage/synthesis were also not considered in the previous single-molecule studies of F~1~ and V~1~ ([@B19][@B20][@B29], [@B31][@B32][@B35]).
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